According to simulation studies, maximum daily gross (Goudriaan, 1995) and net crop photosynthesis (Dewar, N itrogen management in organic farming systems 1996) per unit of ground area are achieved when a crop is complex. The supply of N from organic sources maintains an optimal N LA necessary for unrestricted prois difficult to synchronize with crop demand (Pang and ductivity per unit of leaf area, which corresponds to the Letey, 2000). Nitrogen deficiencies limit crop growth, first type of response. Goudriaan (1995) also showed whereas N excesses are often lost to the environment. that maintaining a smaller N LA increased the light interSmaller arable crop yields in organic farming systems ception but decreased the daily gross photosynthesis. compared with those from conventional practices have
The second strategy, i.e., maximization of leaf area exbeen attributed to a mismatch between N supply and pansion with smaller values of N LA , may be useful for demand (Korva and Varis, 1990; Haraldsen et al., 2000) . maximizing N use efficiency, which in turn may be useful Thus, in organic farming, the limited amounts of availunder natural ecosystems where N is limited. A large leaf area may also be useful in a mixed stand to achieve a competitive advantage in large canopy (Grindlay, 1997) .
The N deficiency responses of potato and wheat crops and dry matter production (Greenwood et al., 1990; Booij et al., 1996) . A widely used relationship between were compared for two reasons. First, both species are important in an organic farming rotation system: Potato critical crop [N] and crop dry weight for potato has been derived by Greenwood et al. (1990) and for the is an economically high-value crop, and wheat improves the soil structure. Second, both crops may exhibit differvegetative stage of winter wheat by Justes et al. (1994) . Such a relationship has not yet been established for ent types of responses. According to Vos and Van der Putten (1998) , the leaf area expansion in potato is respring wheat until crop maturity. sponsive to N deficiency, whereas its LUE shows little
The objectives of the present work are to (i) establish response (Millard and Marshall, 1986; Duchenne et al., relationships between N uptake and dry matter produc-1997), a response also found in other dicotyledonous C 3 tion for potato and spring wheat cultivars, (ii) use these crops (Booij et al., 1996) . For wheat, a C 3 monocot, relationships to quantify crop N demand and deficiency, some studies showed a clear response of LUE to N (e.g., (iii) establish relationships between N deficiency and Green, 1987) , whereas others did not (e.g., Meinke et growth characteristics, and (iv) use the findings to comal., 1997). Radin (1983) found the leaf area expansion pare the responses of a potato and wheat crop to N of four cereal species, including C 3 and C 4 species, to supply under organic N management. To that end, sambe less responsive to N than that of dicotyledons. The pled potato and wheat crops were grown at different LUE of the C 4 cereals maize (Zea mays L.) and sorghum rates of organic and mineral N supplies in the field. (Sorghum bicolor L.) responded to the N supply (Muchow and Sinclair, 1994) .
MATERIALS AND METHODS
Comparison of crop responses to N deficiency requires quantification. To that end, Lemaire et al. (1989) Experimental Site proposed a N nutrition index (NNI), defined as:
In 1997 and 1998, potato and wheat were grown in the field NNI ϭ actual crop [N]/critical crop [N] [1]
at the experimental farm Lovinkhoeve at Marknesse (52Њ42Ј N, 5Њ53Ј E), the Netherlands. The soil was a silt loam, with 12%
where the critical crop [N] barely limits the growth rate sand (Ͼ50 m), 68% silt (2-50 m), 20% clay (Ͻ2 m), 2.3% of the crop. To calculate mean NNI values over time,
(kg kg Ϫ1 ) organic matter (Lebbink et al., 1994) , and pH (KCl) a maximum value of 1 is used because crop growth rates of 7.4 (sampling in December 1998). Soil P and K contents are at their maximum for NNI Ն 1 and NNI Ͼ 1 indicates (Table 1) were sufficiently high to enable unrestricted growth luxury N consumption (Lemaire et al., 1989) . The NNI of potato and wheat according to Van Dijk (1999) . Water was has been used in various studies to quantify N deficiency not considered limiting because the pF (log 10 of water pressure (e.g., Belanger et al., 1992) . The critical crop [N] can in centimeters) value in the rhizosphere was below 2.85 for potato and below 3.0 for wheat at all sample times.
be derived from the relationship between crop N uptake 
Treatments

Design and Plot Size
For each crop, a separate experiment was laid out as a ranFor each year and crop, N was supplied at three rates (Table 2A and 2B) : (i) unfertilized or only garden compost domized complete block design in a split-plot arrangement with three replicates of each individual treatment. Fertilization (N1); (ii) fertilizations with cattle slurry at a level corresponding to current organic farming systems in the Netherlands rates were whole plots, cultivars were subplots, and sampling dates were randomized within each individual treatment. To (N2); and (iii) twice the N2 treatment, supplemented with mineral N according to recommended rates (Van Dijk, 1999) avoid carry-over effects, low, intermediate, and high relative fertilization rates of the main plots within experimental fields for potato and wheat based on soil analysis (N3). Supplementary N fertilizer was applied as calcium ammonium nitrate were maintained since summer 1995. (Table 2B ) and corrected for expected net N mineralization from organic sources (Table 2A) For each crop, two cultivars differing in leaf area dynamics Potato tubers were presprouted and planted by machine. Pests and diseases [notably late blight (Phytophthora infeswere used: potato cultivars Junior (early) and Agria (mid to late) and wheat cultivars Axona [relatively small maximum tans )] of potato and wheat were controlled using standard farming practices for the area to avoid interaction of N with leaf area index (LAI)] and Baldus (larger maximum LAI). cording to a relationship similar to that published by Van der Zaag (1984) . The average LUE was calculated by linear regression of
Measurements
cumulative intercepted PAR and crop biomass production, using weighted residuals to obtain homogeneity of variances. At regular intervals, growth was analyzed by assessing crop Crop biomass production was set equal to the actual crop dry biomass of all organs except fibrous roots. Leaf area was weight, except during the period of foliar decrease when the measured with a Li-COR 3100 area meter (Li-COR, Lincoln, maximum leaf dry weight recorded was taken as total produc-NE). Sampling areas, dates, plant densities, and row distances tion of leaf dry weight for subsequent periodic harvests. Crop are given in Table 1 . Wheat was sampled up to maturity.
biomass production and growth components were compared Potato was harvested on 8 Sept. 1997 when soil cover of Junior well before the final harvest (see Results section) because was nearly zero while the soil cover of Agria was still about PAR at later dates was mainly intercepted by yellow stems 75% (N3) or below 50% (N1 and N2). In 1998, final potato and leaves. harvest was conducted when soil cover was nearly zero.
The various plant parts were dried (105ЊC for 24 h) and weighed. Total N was determined using the Dumas method Thermal Time (Macro N; Foss Heraeus Analysensysteme, Hanau, Germany).
Thermal time was calculated as cumulative daily effective Nitrate in green leaves and stems was extracted with water temperature (daily mean air temperature minus a base temand determined using a continuous-flow analyzer (TRAACS perature of 2ЊC for potato and 0ЊC for wheat). Average daily 800, Bran and Luebbe, De Meern, the Netherlands). Previous air temperature was calculated as the mean of the daily ministudies showed that NO 3 contents in tubers and stolons are a mum and maximum temperatures. negligible proportion of total N content (Biemond and Vos, 1992) . Nitrate was determined in wheat up to anthesis. After
Relationship between Crop Dry Weight
anthesis, the NO 3 concentration was determined in one replicate and was found to be very small. The NO 3 content of and Nitrogen Uptake potato was determined until it dropped below 5% of total N For both crops, crop dry weight (W; Mg ha Ϫ1 ) was related content, which occurred at about maximum LAI. Nitrogen to the corresponding N uptake (N U ; kg ha Ϫ1 ) at each sampling uptakes were determined in three replicates in 1997 but usually date and N application rate. An exponential function given in two replicates in 1998. Nitrogen uptake by each organ was by Booij et al. (1996) was used to describe the relationship at calculated as the product of dry matter yield and [N]. Througheach sampling date: out the paper, [N] refers to organic N only, calculated as total N minus NO 3 -N. Ammonium concentrations in the plants
were assumed to be small because soil-derived NH 4 is quickly where W m ϭ maximum crop dry weight, and K NU is a constant assimilated in the root tissue itself and is not considered to (ha kg Ϫ1 N). The relationship was fitted to each replicate, and be transported in the xylem to other plant organs (Pearson and the parameters (K and W m ) were subjected to analysis of Stewart, 1993). Moreover, foliar NH 4 taken from atmospheric variance using residual maximum likelihood (REML; see Stadeposition results in low leaf NH 4 concentrations. Yin et al.
tistical Analysis section) after a log 10 transformation. (1996) found NH 4 concentrations in leaves of zonal geranium At each fertilizer level, crop dry weight was related to N (Pelargonium zonale L.) to be about 0.3 g NH 4 -N g Ϫ1 leaf uptake, according to a relationship found to be appropriate fresh weight, with hardly any increase by NH 3 fumigation.
for both C 3 and C 4 crops (Lemaire and Gastal, 1997) : Soil inorganic N was analyzed and Light Use Efficiency to each replicate, and residuals were weighted because the Intercepted PAR was measured once or twice a week for variance was a function of the mean. Each year, the parameters wheat, 10 times per recording, with a portable line sensor (A and B ) were subjected to analysis of variance (see Statisti-(TFDL, Wageningen, the Netherlands). Recordings were taken cal Analysis section) after a log 10 transformation. within 1 h of solar noon for either a clear or an overcast sky. Previous studies showed that recordings of interception at Calculation of Nitrogen Nutrition Index solar noon were within 2% of the average interception as and Leaf Area Duration weighted over 1 d (Kiniry et al., 1999) . Global radiation data were obtained from a weather station located at the farm, and Nitrogen nutrition index was calculated according to Eq. PAR was taken as 50% of global radiation. The proportion
[1]. To calculate mean NNI values over time, a maximum of soil cover by green potato leaves was observed once or value of 1 was used. Critical crop [N] was calculated as the twice a week using a frame divided into 100 rectangles and
[N] at near-maximum dry matter production at each harvest date. The near-maximum dry matter production was defined with dimensions that were a multiple of the planting pattern. grain yield in 1997 but not in 1998. Averaged over years and N treatments, grain yield was slightly larger (7.6%) Statistical Analysis for Baldus than for Axona, which was associated with
All data and parameters were subjected to analysis of varithe higher (9.5%) harvest index of Baldus (Table 3) .
ance using Genstat (Genstat 5 Committee, 1993) . Analysis of data with only factors was based on the classical ANOVA
Relationship between Dry Matter Production
procedure, and data with both factors (year and cultivar) and variates (e.g., NNI and DAE) were analyzed with a linear
and Nitrogen Uptake mixed model, using the REML procedure. Both procedures Dry matter production and N uptake were affected take treatment structure into account, and the results are idenby N application and growth stage of the crop (Fig. 1) .
tical when data with factors only are used. The variation with
At each harvest date, dry matter production increased year was also tested by analysis of variance, using the pooled residual variance as the estimate of within-treatment variance.
asymptotically with N uptake, eventually approaching
Differences between individual treatments were tested by a maximum. and Nitrogen Uptake of potato and wheat during the growth period tested. At a set fertilizer level, dry matter production inFor potato at final harvest, higher N rates increased creased with N uptake until it approached a maximum. tuber dry weight and tuber N uptake, independent of For both crops, the parameters in Eq.
[3] (A and B) year and cultivar (Table 3) . Averaged over years and were affected by N (B in 1997 and A in 1998) but did cultivars, tuber dry weight increased by 15 and 60% not vary with cultivar. Thus, for a given N treatment and tuber N uptake by 24 and 128% in N2 and N3, respectively. The early cultivar Junior had both a and year, the increase in crop dry matter with N uptake did not vary between the cultivars of potato and wheat.
by Greenwood et al. (1990) and Justes et al. (1994) , as they were appropriate (explained below). The ratio of Therefore, data of cultivars were pooled to calculate critical [N] .
actual/near-maximum crop dry weight was found to be 1 at a NNI ϭ 1, as expected from the definition of NNI (Eq.
[1]; Lemaire et al., 1989) , whereas an overestima-
Critical Crop Nitrogen Concentration
tion of crop N content at the near-maximum crop dry The critical crop [N] decreased with crop dry weight weight would have resulted in underestimations of NNI. in both species (Fig. 2) Fig. 2A) was clearly larger than that found by Greenwood et al. (1990) , to 0.9 at emergence to 0.6 to 0.7 at about 15 DAE in 1997 and to 0.4 to 0.5 at about 25 DAE (1998). From whereas calculated critical [N] values for spring wheat (Fig. 2B) , also after anthesis, were consistent with data then on, changes in NNI were much smaller ( Fig. 3A  and 3B ). The NNI for potato cultivars at high N (N3) from Justes et al. (1994) . Our relationship for potato probably overestimated critical [N] because crop dry in 1997 also decreased, but after 20 DAE, it remained above 1. In 1998, the changes were small throughout matter production at a given date as a function of N supplies ( Fig. 1A and 1B) did not yet reach its maximum. the growth period. Averaged over years and cultivars, higher levels of N increased the average NNI (emerFurther calculations were based on the reference lines gence to 60 DAE) for potato by 10% in N2 and by 48% The response of crop dry weight and growth components to the average NNI, across years and cultivars, is in N3 (Fig. 3B) . The average NNI was larger for Agria (0.712) than for Junior (0.657) in both years.
shown in Fig. 4 and 5. The response is expressed relative to the maximum or critical value for each year and The NNI for wheat cultivars followed the same pattern ( Fig. 3C and 3D ) in both years. The NNI for all N cultivar. Crop dry weight for potato and cumulative intercepted PAR decreased strongly with decreasing treatments for wheat was well above 1 from emergence until about 20 to 30 DAE. Thereafter, the NNI remained NNI (Fig. 4A and 4B) . Analysis of REML showed that the relationship between relative cumulative interabout 0.8 in N3 but decreased in N1 and N2 until about 0.6 at 50 DAE, hardly changing thereafter. Averaged cepted PAR and the NNI varied with year. For a given NNI, the relative cumulative intercepted PAR was over years and cultivars, higher N levels increased the average NNI (emergence to maturity) for wheat by 2% smaller in 1998 than in 1997. The LUE for potato barely (N2) and 20% (N3) (Fig. 3C and 3D) . The average NNI decreased with NNI, from 1 to 0.65, but decreased for wheat varied slightly with year but was not affected strongly thereafter (Fig. 4C) . The relative harvest index by cultivar.
for potato increased slightly with decreasing NNI (Fig. 4D ), but it was no longer affected by average NNI
Relationship between Dry Matter Production, Growth Components, and Nitrogen Nutrition Index
Throughout the current section, crop biomass production (actual weight corrected for leaf shedding) and its components (Table 4 and 5) were compared well before final harvest (to avoid interception by yellow leaves). For the comparison, the latest possible harvest was used at which both cultivars of a crop were harvested at about the same harvest date (potato, 52 DAE in 1997 and 47 DAE in 1998; wheat, the next-to-last harvest).
Biomass production, tuber dry matter, cumulative intercepted PAR, and harvest index (excluding outliers) for potato were larger in 1997 than in 1998 (Table 4) . These results were associated with a later harvest in 1997 (52 DAE) than in 1998 (47 DAE) and with a higher average daily air temperature and daily PAR from emergence until harvest in 1997 (14.2ЊC; 9.4 MJ m Ϫ2 d Ϫ1 ) than in 1998 (13.4ЊC; 7.2 MJ m Ϫ2 d Ϫ1 ). A small but significant year ϫ cultivar interaction was found for the cumulative intercepted PAR and LUE. Averaged over cultivars and years, N supply increased biomass production by 18% in N2 and 60% for N3, the cumulative intercepted PAR by 8% in N2 and 27% for N3, and the LUE by 9.1% for N2 and 25% for N3. Biomass production for potato did not differ between cultivars, but the early cultivar Junior had a larger tuber dry weight (3.89 Mg ha Ϫ1 ) than Agria (3.62 Mg ha Ϫ1 ) due to a larger harvest index.
The wheat biomass production, cumulative intercepted PAR, harvest index, and grain yield were larger in 1997 than in 1998 because crops were harvested later in 1997 (102 vs. 86 DAE) (Table 5 ) and average temperature and daily PAR during growth were higher (see above). The LUE for wheat was smaller in 1997 than in 1998, which was associated with a larger average daily PAR from emergence until harvest in 1997 (8.9 vs. 7.9 MJ m Ϫ2 d Ϫ1 ). Averaged over cultivars and years, the N supply tended to increase (P ϭ 0.06) the biomass production by 10 (N2) and 19% (N3) and increased cumulative intercepted PAR by 5 (N2) and 14% (N3), ence was slightly larger in 1998 than in 1997.
at the next-to-last harvest (not shown). As with potato, cumulative intercepted PAR for potato decreased strongly with increasing N deficiency, whereas the LUE the crop dry weight and cumulative intercepted PAR for wheat cultivars decreased strongly with decreasing hardly changed. At a NNI below 0.65, the LUE was also reduced with NNI. Duchenne et al. (1997) also NNI ( Fig. 5A and 5B). Neither the relative LUE nor the relative harvest index for wheat was affected by the found no effect of N supply on the LUE for potato and usually observed NNI values above 0.7. Millard and average NNI, with NNI ranging from 0.61 to 0.92 ( Fig. 5C and 5D) . Marshall (1986) found only the LUE for potato in their unfertilized treatment to be reduced compared with Other studies also found potato and wheat harvest index near crop maturity to be unaffected by N depletheir other N rates of 50 to 250 kg N ha
Ϫ1
. Results in Fig. 5 showed that wheat reduces its intertion (Millard and Marshall, 1986; Duchenne et al., 1997; Green, 1987) . During early tuber growth, however, pocepted PAR with decreasing NNI, whereas its LUE was not reduced at NNI of 1 to 0.7. The results of the present tato harvest index may decrease with increased N supply, as high N supply is known to decrease the dry matter study agreed with those of Meinke et al. (1997) but contrasted with other studies. Green (1987) reported a partitioning to tubers during early tuber growth (e.g., Millard and Marshall, 1986) .
quasi-linear increase of LUE with N supply in spring and winter wheat crops even though only the zero N Results in Fig. 4 corroborate the hypothesis by Vos and van der Putten (1998) that, in response to N limitatreatment differed significantly from the other N supply levels of Ն40 kg N ha Ϫ1 . tion, potato maximizes LUE but reduces light interception, as explained below. For NNI of 1 to 0.65, the
The contrasting results in previous wheat studies Table 4 . ‡ Significant at the 0.1 level. § ns, nonsignificant at the 0.1 level.
might have resulted from differences in crop N defisupply, but leaf area expansion for the other genotype was hardly reduced. According to Grindlay (1997) , all ciency, cultivars, and timing of N deficiency. Sivasankar et al. (1998) recently reported a differential response in cultivated C 3 species adjust their leaf area expansion rate and maintain their N LA with decreasing N. Grindlay leaf area expansion of two wheat genotypes to N supply. One genotype reduced leaf area expansion and main- (1997) suggested that the variation of cultivated species in response of LUE and photosynthesis to N LA has been tained leaf [N] per unit of dry weight with reduced N decreased as a result of selection. Photosynthesis debut had no effect on the mean N LA (Fig. 6A ) ( Table 6 ). The slope of these relationships did not vary with year creases much faster with decreasing N per unit of leaf area for C 4 crops than for C 3 crops (Grindlay, 1997) , or cultivar, but the intercept did (Table 6) . A smaller N deficiency increased the total leaf area duration for which may explain the higher sensitivity of LUE to N potato (Fig. 6C) , decreased the thermal duration from shortage in maize and sorghum (compare Muchow and emergence to 50% intercepted PAR (Fig. 6D) , and inSinclair, 1994 with Booij et al., 1996) . creased the maximum LAI (Fig. 6E) . Within each year, Although N limitations starting during early growth the early cultivar Junior had a smaller leaf area duration stages of wheat generally do not reduce the LUE under at any given NNI compared with the later cultivar Agria field conditions (e.g., Meinke et al., 1997) , N limitations (Table 6) . during the postanthesis period may cause N loss from For wheat, a smaller N deficiency increased the leaf leaves and a reduction in photosynthesis of flag leaves
[N] based on both dry weight (Fig. 7B ) and leaf area (Gregory et al., 1981) . Under such conditions, the LUE (Fig. 7A) . The slopes did not vary with year or cultivar of wheat may be reduced. In contrast to wheat, a potato (Table 7) . The response of wheat to a smaller N deficrop sheds its leaves upon a late N limitation while ciency was comparable to that of potato with respect to maintaining its leaf [N] of the remaining leaves.
total leaf area duration (Fig. 7C) , early foliar expansion (Fig. 7D) , and maximum LAI (Fig. 7E) . At a given
Relationship between Leaf Parameters
average NNI, the leaf area duration was larger for cultiand Nitrogen Nutrition Index var Baldus than for cultivar Axona (Fig 7C and Table 7) . A smaller N deficiency (larger NNI) increased the For potato and wheat, the present study ( Fig. 6 and  7) showed that the response of N LA to average NNI average leaf [N] in potato based on dry weight (Fig. 6B ) was smaller than the LAI response, supporting earlier of NNI from 1 to 0.44 decreased the LUE in potato by observations for potato (Vos and van der Putten, 1998), 34% while average N LA remained constant. In contrast, wheat (Evans, 1983) , and other C 3 species (see Grindlay, the LUE for wheat did not decrease with N deficiency, 1997). Those results also support the conclusion that whereas the average N LA for both cultivars decreased both crops adjusted leaf area expansion to the limiting by about 20%. This difference between crops may have N supply while maximizing N LA and LUE. Potato leaf resulted from a decrease in leaf [N] with increased can-[N] (kg kg Ϫ1 ) increased more with increased N supply opy depth, which has been found in wheat (Dreccer et than did N LA (g m Ϫ2 ) because the specific leaf area al., 2000) and potato (Osaki, 1995) . The photosynthesis increased with increasing N. When leaf expansion is and leaf [N] of top leaves in a canopy is of main impor-N limited, the specific leaf area may decrease due to tance for the LUE of a crop (Yin et al., 2000) . accumulation of starch and cell wall material (Grindlay, 1997) . In a field study, Vos (1995) found no effect of N Towards Optimization of Organic supply on specific leaf area of main-stem leaves for
Nitrogen Management
potato up to 43 DAE. No change was found in specific
The present study was conducted to improve our leaf area of wheat in the present study, which supports knowledge of the responses of light interception, LUE, earlier results of Meinke et al. (1997) .
and harvest index to N. Ultimately, these findings are Observed patterns of LUE with NNI ( Fig. 4 and 5) to be used to improve organic N management. Longer could not be explained solely from average N LA . To leaf area duration, and thus an increased light intercepexplain those patterns, measurements of leaf N distribution would be required, as explained below. A decrease tion, increased yields with increased N supply. Shortage . Such N contents are the season and resulted in a reduced rate of early leafarea expansion (Fig. 6D and 7D ). Shortages were well below the recommended values in regular farming of 265 Ϫ 1.1 ϫ N min (Van Dijk, 1999) . The N min of 99 greater for potato than for wheat (Fig. 3 ) based on soil mineral N contents (N min ) and expected net N mineralkg N ha Ϫ1 at planting (Table 2B, N2) for wheat plus the expected net N mineralization during the first half of ization from manure. The N min of 82 kg N ha Ϫ1 (0-0.6 m; Table 2B , N2) at planting of potato and subsequent the season (20 kg N ha Ϫ1 , half values of Table 2B ) Table 7 .
totaled about 120 kg N ha Ϫ1 . Such values were close
[A1] to recommended rates in regular farming until stem extension, being 120 Ϫ N min (Van Dijk, 1999) . In the where F t is the fraction of intercepted light, F 0 is the initial present study, and in others (Korva and Varis, 1990 jecting the crop to a range of organic N sources and (ii) comparing the LUE and leaf area dynamics among C 3 F t ϭ F 0 (M Ϫ at) F 0 ϩ (M Ϫ F 0 )e ϪR 0 t and C 4 crops under a range of mineral N fertilizer levels. Once established, this should be followed by a comparison of their yield response under organic N man-
